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Abstract 
This paper aims to investigate major pollutant formation and emissions from a typical biomass fired boiler.  Emission 
tests were conducted on a 500kW, wet wood chip fired district heating system under two operational conditions: (1) 
with flue gas recirculation (FGR) and (2) without FGR.  Mathematical modelling work using FLIC (FLuid dynamic 
Incinerator Code) and FLUENT codes was carried out for both cases to simulate the overall performance of the boiler.  
Results show CO emissions in the case with FGR were higher than those in the case without FGR.  FGR reduced 
both the average NOx and PM emissions from the wood chip fired boiler. The mathematical modelling shows that the 
introduction of FGR reduces the whole temperature level in the furnace. This helps to prevent slagging in the 
combustion chamber and the formation of thermal NOx. The distribution of the primary and secondary air jets must 
also be optimised in order to reduce the fuel-NOx formation. 
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1. Introduction 
Although biomass is considered CO2 neutral, its utilisation is still far from being sustainable and 
environmentally benign.  Concerns are increasing that widespread residential wood combustion for 
heating may have an adverse effect on human health in the local population.  The key pollutants emitted 
by biomass combustion include particulates, NOx, CO and organics including volatile organic 
compounds (VOCs) [1].  Flue gas recirculation (FGR), as a promising primary control technique for NOx 
emissions, can effectively reduce the NOx level by re-circulating a part of the flue gas to the furnace.  
However, FGR may introduce some drawbacks, such as the risk of erosion, corrosion and fouling, and an 
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elevated CO level. Reducing flue gas emissions is vital and becomes one of the main research interests 
for the development of commercial biomass heating systems [2]. 
Sheffield University (SUWIC) previously carried out extensive experimental measurements at two 
biomass-fired heating systems in 2009 [3,4].  As pollutants are formed during the complex physical and 
chemical processes of combustion, it is practically impossible to conduct detailed measurements of flue 
gas flow, temperature and gas species during biomass combustion.  SUWIC employed two modelling 
codes [5], Fluent and FLIC (FLuid dynamic Incinerator Code), to facilitate simulating the physical and 
chemical processes on combustion and flow in industrial scale furnaces.   
The aim of this work was to investigate major pollutant emissions from the biomass fired boiler with 
FGR in an actual district heating system.  With the help of the modelling tools, this paper presents 
insights of the effects of FGR on the flue gas emissions.  
2. Biomass heating plant and mathematical modelling 
The heating plant consists of a 500kW biomass boiler with 3×5m3 buffer tanks.  The boiler is equipped 
with a flue gas recirculation system.  A portion of the flue gas after the dust separator is recycled 
externally back into the furnace either with the primary air and/or with the secondary air.  The flue gas 
recirculation system is primarily designed to protect the fire-clay lining in order to increase the life-span 
of the boiler by maintaining low furnace body temperatures. 
Flue gas emission tests (CO, NOx, PM10) were carried out after the induced draft fan at the exit of the 
boiler under two operating conditions with and without FGR.  The details of the measurement system 
were introduced elsewhere [3,4]. 
Table 1. Properties of the wood chips for the biomass fired boiler 
Proximate analysis (as received) Ultimate analysis (daf) 
Moisture Ash Volatile Fixed carbon LCV C H O N S 
(wt%) (wt%) (wt%) (wt%) (MJ/kg) (wt%) (wt%) (wt%) (wt%) (wt%) 
37.95 0.44 52.25 9.35* 10.61 55.29 6.41 38.14* 0.16 - 
* By difference 
Primary air inlet
Secondary air inlet
Tertiary air inlet
Outlet
 
Figure 1.  Grid profile on the surface of the wood chips boiler 
In order to investigate the effects of boiler performance on the flue gas emissions, mathematical 
modelling work was carried out to simulate the combustion process in the furnace.  The mathematical 
model consisted of two sub-models [4]: (1) an in-bed combustion model (FLIC) simulating the wood chip 
combustion on the moving grate, which calculates the velocity, temperature and composition of the gas 
flow out of the fuel bed; (2) an out-bed combustion model (FLUENT) simulating gaseous combustion 
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and flow above the bed[6].  The details of the mathematical modelling were introduced in our previous 
work [3,4]. In the FLUENT simulation, only half of the furnace is modelled and the vertical central plane 
is set as a symmetric surface.  A total of 398,553 mixed meshes were employed for the 3D computation of 
the furnace geometry as shown in Fig. 1.  
Two cases were modelled in this work, as shown in Table 2. Case 1 is the baseline case in which the 
boiler was operating without FGR. Case 2 is the case when the boiler was operating with FGR mixed into 
the primary air.   
Table 2. Conditions for the two simulated cases 
 Primary air (Nm3/kg fuel) Secondary air (Nm3/kg fuel) FGR (Nm3/kg fuel) 
Case 1 7.86 0.87 0 
Case 2 7.86 0.87 1.13 
3. Results and Discussion 
Table 3 summarises the measured average mass concentrations of CO, NOx, PM10 in the flue gas from 
the boiler in the cases with FGR and without FGR.  As can be seen from Table 3, due to high moisture 
content (approx. 38%) in the wood chips, the emissions of CO were quite high. The CO emissions 
measured in this test exceeded the limit value (250mg/Nm3) specified in the Defra Technical Guidance 
Note. The application of FGR reduced the emissions of NOx and PM10 while increased the emissions of 
CO when compared to the case without FGR. 
Table 3. Flue gas emissions (average mass concentrations at 11% O2) from the boiler (units: mg/m3) 
 Measured results  Simulation 
 CO NOx (as NO2) PM10  CO NOx (as NO2) 
Without FGR 370 117 103  291 125 
With FGR 1660 107 42  1517 113 
 
The use of the FLIC and FLUENT codes was capable to simulate the combined phenomena of fluid flow, 
heat transfer and combustion reaction progress for moving bed boilers.  As can be seen in Table 3, the 
simulation results agree well with the experimental data for both cases.  As shown in Fig. 2, on the cross-
sectional plane where the highest temperature appears, the flue gas temperatures in the case with FGR 
were lower than those in the case without FGR.  The relatively cool recycled flue gas can to some extent 
lower the flame temperature in the primary combustion zone. Due to this lower chamber temperature, the 
formation of NOx caused by high flame temperatures, i.e., thermal NOx, could be reduced.  Thus, the 
NOx emission in the case with FGR was slightly lower than that in the case without FGR.  However, as 
the temperatures of biomass combustion processes usually range between 800 and 1100°C, the NOx 
formation mainly results from the fuel-bound N. Therefore, flue gas recirculation was not effective 
enough to prevent fuel NOx formation in this case.  On the other hand, the flue gas recirculation caused a 
significant increase in the CO emissions since it reduced the peak flame temperature in the combustion 
chamber and increased the flue gas volume in the furnace.   
4. Conclusions 
The employed mathematical methods are reliable for the study of combustion and heat transfer processes 
in the moving bed boiler and for predicting the flue gas emissions.  High moisture content in the wood 
chips leads to relatively high CO emissions from the boiler.  FGR mixing with the primary air reduces the 
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temperature in the combustion chamber and the formation of thermal-NOx. In order to obtain lower flue 
gas emissions, the distribution of the primary and secondary air jets must also be further optimized. 
          
Figure 2.  Temperature contours on a cross-sectional plane with the maximum temperature (z = 1.64 m), left: without 
FGR, right: with FGR 
 
Figure 3.  Distributions of NO concentration in the furnace, left: without FGR, right: with FGR 
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